Fumigation has been the most convenient method in the field of pest control in museums. In this study, as fumigants, ethanol 70%, deltamethrin commercial pesticide CP , essential oil EO from Pinus regida, and low oxygen microenvironment 0.1%, LOM were tested individually and jointly against museum fungal strain Alternaria alternata. Three concentrations of each CP and EO were chosen for evaluating the individual effect. In the joint action fumigation process, three lower concentrations of CP and EO were tested in LOM. The rate of mycelial growth inhibition at each fumigation process was determined by two steps: 1 directly after the fumigation process and 2 after 7 d of the inoculation of the fumigated spores in new medium and incubating it in normal condition. The results demonstrated that applying of each chemical CP or EO in LOM enhanced its fungicidal activity and that effect of EO improved from fungistatic to fungicidal by jointing with LOM.
In cultural institutions, such as in museums, archives and libraries, fungal deterioration is considered one of the serious problems facing who are responsible of museum collections management. Alternaria alternata is one of the fungal abundant species which were isolated from the cultural institutions. The exposure to A. alternata spores would be a risk factor for human health and may cause significant respiratory problems Bush and Portnoy, 2001 ; Augusto da Costa et al., 2011 . A. alternata also attacks cultural materials such as paper, textile, wood, dye and leather, forming irreversible and depressed aspects on the objects. Staining and discoloration are observed as typical behaviors of deteriorations as well as changes in oxidation stage and degrees of polymerization, that are indicated as symptoms of breakdown of molecular structure Abdel-Kareem, 2010 .
Although various protection measures against fungal deterioration including chemical and non-chemical approaches have been developed and taken into conservation activities, some of them need long exposure time with infected objects for getting satisfactory effect as essential oil EO and low oxygen microenvironment LOM and even some methods are currently unavailable due to crucial defects e.g. some of commercial pesticides for health damage .
The present study aims to evaluate the individual and joint antifungal effect of ethanol 70%, deltamethrin commercial pesticide CP , vaporized EO from Pinus rigida and LOM on the spores of A. alternata, in vitro. The effectiveness of joint condition between each chemical and LOM was evaluated to enhance the chemical ability of fungal eradication and also to reduce the required amount of chemicals.
Strain of A. alternata was obtained from Center of
Note
Each bag made of the gas-barrier film was equipped with potassium carbonate 5g put in a petri dish with perforated lid, the oxygen sensor, the hygrometer and the PDA dish inoculated with 5µl A. alternata spores suspension 1.8 10 6 cfu/ml . After putting 2ml of each concentration of tested chemicals in sterilized petri dishes with perforated lid, the petri dish was added to each bag as described above. In the cases of LOM fumigation process, nitrogen gas from cylinder was used to flush all of the air out of the bags; then, when oxygen concentration reached to 0.1%, bags were sealed in bubble shape. In the cases of individual uses of chemicals, the bags were pumped up with dry air and sealed in the shape of bubbles to keep the same space for chemical distribution as with joint application for fumigation processes. Three replications of the equipped bag were prepared for each fumigation process. The fumigation exposure time was 7 d as a constant time of all fumigation processes.
The inhibition rate of fungal growth was calculated by the formula:
where Dc mm = diameter of fungal growth in the control dish; Dt mm = diameter of fungal growth in the fumigated dish.
Fungal Consultation, Japan. The fungus was germinated at 25 on potato dextrose agar PDA medium. Spores of the fungus were collected from culture on agar plates after 7 d of incubation. The spore suspension concentration was estimated using a Neubauer Chamber Cell Counting and adjusted to 1.8 10 6 cfu/ ml. 5µl of fungal spore suspension was inoculated into the PDA plates for using in fumigant processes.
In the purpose of simulating museum environmental conditions, some strict criteria and parameters were chosen to be considered during experimental as follows: 1 the temperature and relative humidity of the experimental chamber or fumigation bubble should be adapted according to the recommendations for longterm preservation of objects in museums Temp. 23 2 , RH 50 5% ; 2 the period of fumigation should be within 7 d to reduce the probability of any alterations occurring by the effects of chemicals and LOM; and 3 using low concentrations of chemicals EO and CP to prevent any further damage when these methods are practically applied on museums objects.
Four different types of fumigation materials/methods with antifungal capacity were chosen for evaluation: 1 organic solution with fungicidal effect ethanol 70% v/ v ; 2 CP: deltamethrin C 22 H 19 Br 2 NO 3 Tokyo Chemical Industry, Tokyo, Japan ; 3 EO extracted from Pinus rigida wood the collection of Center of Fungal Consultation, Tokyo, Japan ; 4 LOM as oxygen concentration of 0.1 % v/v .
The fungicidal impacts of the four fumigants on spores of A. alternata were individually and jointly evaluated for seven experimental plots as follows: 1 ethanol 70% v/v ; 2 joint application between ethanol 70% v/v and LOM 0.1% ; 3 LOM 0.1% ; 4 CP deltamethrin diluted with ethanol to the concentrations 2.5 ppm, 5 ppm and 10 ppm ; 5 joint application between CP 0.025 ppm, 0.05 ppm and 0.1 ppm diluted with ethanol and LOM 0.1% ; 6 EO 1000 ppm, 2000 ppm and 4000 ppm diluted with ethanol ; and 7 joint application between EO 250 ppm, 500 ppm and 1000 ppm diluted with ethanol and LOM 0.1% .
For establishing fumigant/low oxygen micro-environment system Fig. 1 , gas-barrier film Mitsubishi Gas Chemical, Escal Neo 550mm 160mm was sealed by heat sealer Ishizaki Electric MFG in the shape of bags to use as a treatment chamber in the experiments. Potassium carbonate K 2 CO 3 Wako Pure Chemical Industries was used for adjusting RH around 45 5%; and an incubator with adjusted temperature 25 was used through the experiments. Hygrometer T&D, Thermorecorder TR.72WF and oxygen sensor Jikco, O 2 Monitor, OXY M were set inside of the bag for monitoring the microenvironmental conditions during fumigation process. LOM for enhancing the activity of biocidal agents. The spores of A. alternate fumigated with ethanol 70% and ethanol 70% jointed with LOM were inoculated into new PDA petri dishes. After 7 d of incubation, the petri plates inoculated with fumigated spores by ethanol showed 78% inhibition of mycelial growth Fig. 2 , while, 100% inhibition was detected for the joint test plot between ethanol and LOM.
In addition to what previously stated from the moderate effect of LOM on microorganisms by Sequeira et al. 2012 , the spores of A. alternata fumigated with LOM represented significant changes of the A. alternata physical characteristics which were observed as irregular form and grayish white color with olive border of A. alternaria colony Fig. 1A . After 7 d of exposure to LOM, low inhibition rate 50% was demonstrated. New petri dishes were inoculated with treated spores of A. altenata. After 7 d of incubation, the incubated petri dishes revealed 65% of inhibition of mycelial growth Fig. 2 . Nowadays, essential oils are highly recommended to be used as control materials in museums because of its cheapness, environmental friendly and safe with artifacts on the short-term. The chemical compositions of essential oil EO may activate or block the enzymatic reactions of in the fungal cells affecting enzymatic synthesis or altering membrane structure of the fungal cells Gómez de Saravia et al., 2013 . The antifungal activity of EO decreases depending on the type of its chemical functions as follows: phenols > alcohols > aldehydes ≥ ketones > ethers > hydrocarbons Saad et al., 2013 . EO from Pinus rigida was chosen to examine its individual and joint effect with LOM on the spores of A.
The inhibition rate was determined for each replication. Final inhibition rate was determined by the average of the results of three replications.
The fungistatic or fungicidal nature of the tested fumigants was determined by transferring the fumigated spores from the Petri dishes showing somewhat inhibition to new plates with fresh PDA/chloramphenicol agar medium followed by incubation for 7 d to evaluate the viability of fumigated spores. The absence of the fungal growth signifies death of inoculum hence a fumigant is fungicidal; while the presence of growth signifies that the fumigant is fungistatic.
Ethanol is widely used for general surface disinfection and has reported biocidal efficacy against fungi in the concentration range of 50%-90% Rogawansamy et al., 2015 . Dao and Dantigny 2011 mentioned that ethanol 70% was best as disinfectant to either the wet or the dry surface. Sequeira et al. 2017 stated that ethanol concentrations 5-100% delayed or entirely inhibited the conidia germination, depending on alcohol concentration and contact time. Ethanol can attack cellular membranes with increasing membrane permeability, causing leakage of solutes and cell lysis. The main disadvantage of ethanol as fumigant, which was detected by the current study and agreed by Dantigny et al., 2005 , is some of fungal spores could repair its damage after fumigation by ethanol and remain viable. Testing ethanol in the LOM is a trial by the authors for solving the above-mentioned defect.
In the current experiment, the vapor of ethanol 70% represented high inhibition rate 83% of the germination of fungal conidia of A. alternata. 93% inhibition of the conidial germination was obtained after joining the ethanol 70% to the LOM Fig. 2 proving the role of Inhibition rate during fumigation process Inhibition rate with 7 days incubation after fumigation process et al., 2013b . Deltamethrin individually exhibited relatively higher antifungal activity for all tested concentrations than EO. Mycelium growth inhibition with different rate was observed according to the concentrations. The inhibition rates were 88, 93, and 97% with concentrations 2.5, 5 and 10 ppm, respectively Fig. 2 . The mycelium growth began to appear by the 1 st d of fumigation and stopped from 2 nd d till the end of experiment for all tested concentrations. As expected, the inhibition rate was increased by the increase of concentration. The three concentrations did not exhibit absolute inhibition during fumigation. This may be attributed to the need of deltamethrin to time for work perfectly inside the fumigation environment. After 7 d of incubation, the petri plates inoculated with spores of A. alternata, fumigated with 2.5, 5 and 10 ppm of deltamethrin had 100% inhibition of mycelial growth as fungicidal activity Fig. 2 . For the purpose of reducing fungicide amount for safe and practical application in museum, joint action between deltamethrin and LOM on antifungal activity was examined. 0.025, 0.05 and 0.1 ppm of deltamethrin were tested in LOM 0.1% of oxygen . The rates of inhibition for A. alternata with above-mentioned concentrations were detected as 88, 95 to 100% respectively Fig. 2 . New PDA medium were inoculated with spores of A. alternata after treating with 0.025, 0.05 and 0.1 ppm of deltamethrin. After 7 d of incubation, no growth 100% inhibition was detected for the concentrations 0.05 and 0.1 ppm.
In conclusion, ethanol, EO and LOM are not recommended to use individually as a method for fungal control or treatment in museums. Any change happen to the environmental conditions in storages or exhibition galleries may bring reactivation of fungi and contamination of treated objects. Also the application amounts of deltamethrin CP should be decreased to reduce its harmful effect. Thus, the authors evaluated LOM as an enhancing agent for the other fumigants in the joint application. By evaluation of the individual and joint fumigation activity of ethanol, low oxygen microenvironment LOM , EO from Pinus rigida and deltamethrin CP , it was proved that jointing LOM with EO helped change in its action from fungistatic to fungicidal effect. Although individual effect of deltamethrin exhibited high fungicidal activity against the germination of the spores of A. alternatria, jointing it with LOM resulted higher inhibition rate with lower concentrations than individual application of deltamethrin.
This study may provide the first scientific information about the joint action between chemicals and LOM against one of common museum's molds. Further studies are needed for more evaluation of this proposed method with different fungal species and contaminated alternata. The chemical composition of EO from P. rigida was examined by Salem et al. 2016 and its main components were proved to be -terpineol 34.5% , borneol 17.6% , Fenchyl alcohol 14.2% , -pinene 7.76% , L-limonene 3.38% , and isobor neol 2.11% . The antifungal activity of the above-mentioned components was confirmed by several studies. Park et al. 2012 mentioned that -terpineol is a terpene alcohol showing broad spectrum of biocidal activity. Borneol is a bicyclic monoterpene found widely in plants. Borneol has significant antimicrobial activity and penetration enhancing effects Cherneva et al., 2012 . Fenchyl alcohol is an isomer of borneol and is known with its inhibitory activity.
The results of EO from Pinus rigida individually showed high fungistatic activity Fig. 1B . Any EO concentration did not exhibit high inhibition; growth rate was different according to the concentration of EO as shown in Figure  2 . Inhibition rate increased with the increase of EO concentration; the higher concentration of EO 4000 ppm gave higher inhibition rate 90% compared with lower inhibition 85% for the lower concentration of EO 1000 ppm . After 7 d of incubation, the petri plates inoculated with spores of A. alternata fumigated with 1000, 2000 and 4000 ppm of EO had low inhibition rate of mycelial growth 10, 36 and 53% respectively Fig.  2 . No absolute inhibition was detected with any of EO concentrations. No change of physical characteristics of A. alternata was observed. The colony seems like control: flat and woolly. The surface is greenish black with a light boarder. The reverse side is typically black due to pigment production. Joint behavior between EO and LOM was evaluated Fig. 1C . The results demonstrated that LOM enhanced the fungistatic activity of EO. High inhibition rate 93% and 86% were confirmed with EO concentrations 500 and 250 ppm, respectively. Fungicidal effect was detected with the concentration 1000 ppm EO at LOM due to the jointly enhanced effect. After 7 d of incubation, the petri plates inoculated with spores of A. alternata fumigated with 250, 500 and 1000 ppm of EO were examined. The fungicidal effect was demonstrated at the concentrations 500 and 1000 ppm as shown in Figure 2 .
Deltamethrin is belong to the synthetic pyrethroids SPs being considerably less harmful to the environment than other pesticide Rehman et al., 2014 . Most of SPs studies appreciated its effectiveness on pest insects, but very little studies dealt with it as a fungicidal material. Sethi et al., 2013a revealed that the deltamethrin showed reduction in the growth of fungi Trichoderma and Phanerochaete . Synthetic pyrethroids have been shown to interfere with respiration, photosynthesis and the synthetic reactions as well as cell growth, division and molecular composition Sethi
